on October 24, 2017 by guest http://iai.asm.org/ Downloaded from 2 Treponema denticola is an anaerobic spirochete strongly associated with human periodontal disease. The bacteria interact with a range of host tissue proteins including fibronectin, laminin and fibrinogen. The latter localizes in the extracellular matrix where tissue damage has occurred, and interactions with fibrinogen may play a key role in T. denticola colonization of those sites. T. denticola ATCC 35405 showed saturable binding of fluid phase fibrinogen to the cell surface and saturable adherence to immobilized fibrinogen. Levels of fibrinogen binding were enhanced in the presence of serine protease inhibitor PMSF. The Aα and Bβ chains of fibrinogen, but not the γ chains, were specifically recognized by T. denticola. Following fibrinogen affinity chromatography of cell surface extracts, a major fibrinogen-binding component (polypeptide mol. mass ~100 kDa) was purified, which also degraded fibrinogen. Upon heating at 100 °C the polypeptide was dissociated into three components (apparent molecular masses 80 kDa, 48 kDa and 45 kDa) that did not individually bind or degrade fibrinogen. The native 100-kDa polypeptide complex was identified as chymotrypsin-like protease (CTLP) or dentilisin. An isogenic CTLP -mutant strain CKE was >90% reduced in chymotryptic-like activity and was abrogated in fibrinogen binding and hydrolysis. An isogenic mutant strain MHE, deficient in production of Msp (major surface protein) showed 40% reduced levels of CTLP and correspondingly reduced levels of fibrinogen binding and proteolysis. Thrombin clotting times were extended in the presence of wild-type T. denticola cells but not with strain CKE (CTLP -) cells. The results suggest that interactions of T. denticola with fibrinogen, which may promote colonization and modulate hemostasis, are mediated principally by CTLP. T. denticola exhibits a wide repertoire of adhesive and cytopathic properties. Bacteria adhere to extracellular matrix components such as fibronectin, laminin and collagen (15, 20, 31), and erythrocytes exposed to T. denticola become hemagglutinated, hemoxidized and hemolysed (11, 12). Adherence of T. denticola to epithelial cells or gingival fibroblasts results in profound morphological changes occurring, with cell detachment from surfaces, cytoskeletal rearrangement and inhibition of propagation (1, 3, 7, 16, 40, 59). A number of components in the outer membrane of T. denticola are known to act as adhesins, or to have cytopathic properties.
INTRODUCTION
Periodontitis is usually a chronic infection incorporating both bacterial factors and host responses. The communities of bacteria involved are polymicrobial and a number of specific micro-organisms are strongly implicated in disease progression, including Porphyromonas gingivalis, Tannerella forsythia and Treponema denticola (57). Oral spirochetes, such as T. denticola, may be major components of complex pathogenic communities in deep periodontal pockets (22, 62). Many of the species present at diseased sites have not yet been cultivated and consequently most information on the potential role of spirochetes in periodontitis comes from studies of cultivable strains of T. denticola, Treponema vincentii, and Treponema maltophilum.
T. denticola exhibits a wide repertoire of adhesive and cytopathic properties. Bacteria adhere to extracellular matrix components such as fibronectin, laminin and collagen (15, 20, 31) , and erythrocytes exposed to T. denticola become hemagglutinated, hemoxidized and hemolysed (11, 12). Adherence of T. denticola to epithelial cells or gingival fibroblasts results in profound morphological changes occurring, with cell detachment from surfaces, cytoskeletal rearrangement and inhibition of propagation (1, 3, 7, 16, 40, 59) . A number of components in the outer membrane of T. denticola are known to act as adhesins, or to have cytopathic properties.
These include the major surface protein (Msp) (24), oligopeptide-binding protein (OppA) ortholog (26), and a chymotrypsin-like protease (CTLP) or dentilisin (24, 44). Msp (molecular mass approximately 53 kDa in T. denticola ATCC 35405) forms high molecular mass oligomeric complexes embedded within the outer layers of T. denticola (20, 41) . Msp is an abundant membrane protein that has both adhesive and cytotoxic properties, and binds a range of host proteins e.g. fibronectin, as well as receptors on human cells (24, 25) . In addition, Msp acts as a porin, generating large pores in model and cell membranes (21, 47) and disrupting cell integrity.
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It also causes actin rearrangements, disrupts calcium signaling in human gingival fibroblasts (58), and induces release of proteinases from neutrophils (17) . The CTLP surface complex of T. denticola consists of a 72 kDa subtilisin like protease (PrtP, 38) and two auxiliary stabilizing peptides PrcA1 (~40 kDa) and PrcA2 (~30 kDa) (37, 43). Invasion of T. denticola through basement membranes and epithelial cell layers is mediated by degradation of tight junctions by the CTLP complex (10, 23, 29).
Fibrinogen is a 340-kDa plasma based protein, consisting of pairs of Aα, Bβ and γ peptides, and is essential for wound healing with a role in hemostasis (50). At sites of tissue damage it is also found embedded within the extracellular matrix (52, 56). Virulence properties of some pathogenic bacteria have been linked to their interactions with fibrinogen. For example, Staphylococcus aureus mutants deficient in ClfA, which binds fibrinogen, show reduced endocarditis in a mouse model (49). Also, Group A streptococcal strains capable of binding fibrinogen show reduced clearance through opsonization and phagocytosis (48). In periodontal tissues, fibrinogen will be abundant at sites of periodontal disease where tissues are damaged and spontaneous bleeding is frequent. Interactions with fibrinogen could therefore be an important virulence mechanism for periodontal pathogens such as T. denticola.
In this study we investigated the components of T. denticola that were involved in interactions of bacterial cells with fibrinogen, and determined the effects of inactivating Msp or CTLP functions on fibrinogen interactions. We demonstrate that the CTLP complex is primarily responsible for binding and degradation of fibrinogen by T. denticola and for bacterial interference with the blood coagulation cascade. 
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MATERIALS AND METHODS
Bacterial strains. T. denticola ATCC 35405 and two isogenic mutants MHE and CKE generated by allelic replacement (27), were grown and maintained in New Oral Spirochete (NOS) medium at 37 °C (31) in an anaerobic atmosphere N 2 :CO 2 :H 2 (8:1:1). Strain MHE carried an erm cassette inserted within the msp gene (27), while strain CKE carried the erm cassette replacing 908 bp within the prcA prtP locus (27) thus disrupting CTLP production.
Erythromycin (40 µg/ml) was included in the growth medium of strains MHE and CKE to ensure retention of the erm gene cassette. Exponential phase cultures were regularly examined for purity by phase-contrast microscopy, and harvested after 3 d anaerobic incubation at 37 °C by centrifugation at 10,000 x g (10 min at 4 °C). Escherichia coli strains were grown in LB broth at 37 °C with shaking at 250 rpm with 100 µg/ml ampicillin. were checked by reaction with HRP-streptavidin and found to be similar (within 10%). Sepharose was sedimented by centrifugation at 500 x g for 2 min and loosely-bound proteins were removed from the beads by alternate washing and centrifugation with binding buffer (PBS containing 0.02% NaN 3 and 0.05% Nonidet P40). To release bound proteins, the beads were vortex-mixed with sample buffer (see above), the suspension centrifuged as before to sediment beads, and the supernatant retained for SDS-PAGE or enzymatic analyses.
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Mass spectrometry. For protein identification, bands were excised from SDS-PAGE gels, subjected to in-gel trypsin digestion, and peptides were analyzed by liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS) (61). Peptides were aligned against the translated reading frames within T. denticola ATCC 35405 genome sequence (http://www.tigr.org), using Bioworks v3.1 with turboSEQUEST software (Thermo Electron).
Fibrinogen zymography. Proteins were separated by SDS-PAGE through gels containing 0.25 mg fibrinogen/ml. After electrophoresis, gels were washed twice with 2.5% Triton X-100 in 
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Chymotrypsin-like protease assay. Washed T. denticola cells were suspended in PBS (0.1 ml) at OD 600 = 0.25 (6 x 10 8 cells/ml) and incubated with 1 mM synthetic chromogenic
(SAAPFNA; Sigma) in Tris-HCl pH 7.2 containing 2 mM dithiothreitol, for 1 h at 37 °C.
Suspensions were centrifuged (10,000 x g, for 10 min at 4 °C), and absorbance of the supernatants measured at 405 nm to determine p-nitroaniline (amount proportional to enzymic activity).
Thrombin clotting time (TCT) assay.
Human fresh frozen plasma diluted 1:1 in 0.9% NaCl (0.1 ml) was mixed with Owren's (sodium barbital) buffered saline, pH 7.35 (0.1 ml; Dade Behring), and warmed at 37 °C for 5 min. Thrombin (5 U/ml; Diagnostic Reagents) in Owren's buffered saline containing 10 mg/ml BSA, was added (0.1 ml) and time (sec) to produce a clot recorded. To determine effects of T. denticola on TCT, washed exponential phase cells in PBS (1.2 x 10 9 cells/ml) were mixed with Owren's buffered saline (0.05 ml) and incubated with diluted fresh frozen plasma (0.1 ml) for 5 min at 37 °C. Thrombin was added and mean TCTs were recorded from assays run in triplicate. In the reverse assay, strain MHE cells adhered dose-dependently to fibrinogen and there was a 15-20% decreased level of adherence compared with wild-type (Fig. 1C) . These results suggested that Msp played a minor role in mediating T. denticola interactions with fibrinogen.
RESULTS
Binding
Identification of fibrinogen binding proteins. To isolate components of the T. denticola
cell surface that bound fibrinogen, outer membrane protein extracts were incubated with fibrinogen-linked Sepharose or with BSA-linked Sepharose (control). Proteins that bound fibrinogen-or BSA-linked Sepharose were then desorbed with SDS buffer (see Materials and Methods). The eluate from the fibrinogen-linked Sepharose contained one major band migrating at ~100 kDa ( Fig. 2A) . This was resolved into 80 kDa, 48 kDa and 45 kDa polypeptide bands
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on October 24, 2017 by guest http://iai.asm.org/ Downloaded from when the sample was heated at 100 °C for 5 min before SDS-PAGE ( Fig. 2A) . The more diffuse areas of staining in Fig. 2A were demonstrated by immunoblot analysis with HRP-conjugated anti-fibrinogen antibody, to be fibrinogen degradation products (data not shown). No protein bands were visualized in the eluate from BSA-linked Sepharose. The 100-kDa band was excised from the polyacrylamide gel, subjected to trypsin digestion, and peptides analyzed by LC-
MS/MS. Eight peptides (TELIIVGYDVANNR, TSAAAPLSNAIFGRVFVIMER,
EKDIGEFKPVSR, SPVLTGKVMEAFTYSLK, TMGNNSSSGSNAVNGR, and three others)
were identified as components of the CTLP complex (PrtP, PrcA1 and PrcA2) (2, 43).
The 100-kDa band eluted from fibrinogen-linked Sepharose had strong proteolytic activity as shown by fibrinogen zymography (Fig. 2B ). When outer membrane extracts, or eluate containing 100-kDa polypeptide, were heated at 100 °C before SDS-PAGE the proteolytic activity was destroyed (Fig. 2B ). This confirms that CTLP activity is heat-sensitive and suggests that a major fibrinogen binding component on the T. denticola cell surface was the CTLP complex.
CTLP-deficient mutant does not bind fibrinogen. We then investigated the ability of an isogenic mutant, T. denticola CKE (27), deficient in expression of the CTLP (dentilisin) complex to bind fibrinogen. In both fluid phase and immobilized phase assays, T. denticola CKE showed considerably reduced levels of fibrinogen binding (Fig. 1) . Strain CKE cells bound only ~20% of wild-type levels of fluid phase fibrinogen (Fig. 1A) and showed >80% reduced levels of adherence to immobilized fibrinogen (Fig. 1C) .
To determine if other components present within T. denticola outer membrane protein profiles bound fibrinogen, Western blots were incubated with fibrinogen in overlays and fibrinogen binding was detected with HRP-conjugated anti-fibrinogen antibody. The major T. denticola recognizes Aα α α α and Bβ β β β fibrinogen chains. When native fibrinogen is heated (100 °C, 5 min) and subjected to SDS-PAGE, the molecule is dissociated into composite polypeptide chains designated Aα, Bβ and γ (Fig. 4A) , with the Aα chain running as a doublet (13, 32) . The Aα (~80 kDa), Bβ (~60 kDa) and γ (~55 kDa) chains were also expressed as recombinant polypeptides in E. coli (Fig. 4B) . To determine specificity of T. denticola interaction with fibrinogen, denatured human fibrinogen or purified recombinant polypeptides were blotted onto nitrocellulose, overlaid with biotinylated treponemal cells, and bacterial binding detected with HRP-streptavidin. T. denticola ATCC 35405 cells adhered principally to the Aα and Bβ chains of denatured fibrinogen, and not to the γ chain (Fig. 4C ). This specificity was confirmed by the observations that T. denticola cells adhered principally to the Aα and Ββ recombinant polypeptides (Fig. 4C) , although there was also some adherence to the recombinant γ chain polypeptide (Fig. 4C) . Strain CKE cells did not adhere to fibrinogen or to fibrinogen chain polypeptides in similar blot overlay experiments (data not shown).
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Proteolytic phenotypes of CTLP -and Msp -mutants. To visualize the proteolytic activities present within outer membrane extracts of wild-type, MHE and CKE strains, proteins were subjected to fibrinogen zymography. As previously indicated, unheated outer membrane from strain CKE showed the presence of an additional band with fibrinogenolytic activity, apparent molecular mass ~250 kDa. Following heating of the extract the ~250-kDa activity disappeared to be replaced by a 50-kDa band with activity (Fig. 5 ). Although these data are preliminary, they suggest that T. denticola may have the ability to express another protease that degrades fibrinogen, albeit with much lower activity than CTLP, but that this protease is repressed, masked or inactivated in the presence of CTLP production. (Fig. 6) . Conversely, no significant differences in TCTs were observed between strain CKE (CTLP -) and controls (Fig. 6 ). These results suggest that expression of CTLP by T. denticola could potentially inhibit hemostasis.
DISCUSSION
Fibrinogen is abundant at sites of periodontal disease, where tissues are destroyed and bleeding can occur spontaneously. Plasma fibrinogen levels are also raised in the elderly (28) and in smokers (35), two population cohorts with increased risk for periodontal disease.
Fibrinogen levels may therefore be of significance in modulating virulence strategies by potential periodontal pathogens, such as T. denticola. Characterization of the interactions of T. denticola 
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